Abstract Cercospora leaf spot (CLS), caused by the fungal pathogen Cercospora beticola, is the most important foliar disease of sugar beet worldwide. Control strategies for CLS rely heavily on quinone outside inhibitor (Q O I) fungicides. Despite the dependence on Q O Is for disease control for more than a decade, a comprehensive survey of Q O I sensitivity has not occurred in the sugar beet growing regions of France or Italy. In 2010, we collected 866 C. beticola isolates from sugar beet growing regions in France and Italy and assessed their sensitivity to the Q O I fungicide pyraclostrobin using a spore germination assay. In total, 213 isolates were identified with EC 50 values greater than 1.0 μg ml −1 to pyraclostrobin, all of which originated from Italy. To gain an understanding of the molecular basis of Q O
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Introduction
Cercospora leaf spot (CLS), caused by the fungus Cercospora beticola (Sacc.), is one of the most serious diseases of sugar beet (Beta vulgaris L.) worldwide. The fungus is most damaging in regions with warm, humid summers, particularly after crop canopies close (Khan et al. 2009) . Infection is initiated when spores land on sugar beet leaf surfaces by wind or water splash. After spore germination, the fungus penetrates stomata to reach the apoplast where effectors released by the invading hyphae facilitate disease establishment (Daub and Ehrenshaft 2000; Steinkamp et al. 1979) . Conidia produced in the resulting necrotic tissue can initiate another disease cycle provided environmental conditions are favourable. The disease causes a reduction in root harvest weight and extractable sucrose. CLS control measures include the planting of tolerant varieties and crop rotation, but the disease is managed most effectively when combined with timely fungicide application (Bolton et al. 2012a; Kaiser et al. 2010; Karaoglanidis and Ioannidis 2010; Secor et al. 2010 ). An important group of fungicides used to manage leaf spot is the strobilurins or quinone outside inhibitors (Q O Is). These fungicides act by binding the quinol oxidation site of the cytochrome bc 1 enzyme complex. This inhibition blocks the electron transfer between cytochrome b and cytochrome c 1 complexes, which disrupts ATP production and consequently leads to an energy deficit in sensitive fungi (Bartlett et al. 2002; Fisher and Meunier 2008) . Cytochrome b is a membrane protein forming the core of the mitochondrial bc 1 complex and is encoded by the cytochrome b (cytb) gene. Point mutations in cytb that encode single amino acid substitutions have been associated with resistance to Q O I fungicides. The target site mutations F129L, G137R, and G143A appear to play a central role in the mechanism of Q O I resistance in plant pathogenic fungi (Fisher and Meunier 2008) . G143A has been reported in most Q O I-resistant pathogens (Fisher and Meunier 2008; FRAC 2011; Gisi et al. 2002) . When the G143A mutation dominates in a pathogen population, there is a consistent association with a loss of disease control (Gisi et al. 2002) . Moreover, isolates with the G143A mutation may not suffer from a significant fitness penalty (Banno et al. 2009; Chin et al. 2001; Sierotzki et al. 2000) . The F129L and G137R mutations are associated with moderate levels of resistance and populations of these fungi are still controlled with Q O I fungicides when applied at recommended rates (Bartlett et al. 2002; Sierotzki et al. 2007 ). Laboratory mutants of C. beticola encoding a G143S mutation have been shown to have reduced sensitivity to Q O I fungicides (Malandrakis et al. 2006) , but this mutation has not been found in nature (Malandrakis et al. 2011 ). Molecular techniques exploiting point mutations associated with fungicide-resistance that discriminate resistant isolates have been developed for a number of pathosystems (Fontaine et al. 2009; Pasche et al. 2005; Sierotzki et al. 2007) . Such assays provide a means for rapid, accurate, and reliable detection of fungicide resistance and are an important tool for fungicide resistance management.
Q O Is such as pyraclostrobin have become a critical component of CLS management because of their broad-spectrum antifungal activities and low level of phytotoxicity (Secor et al. 2010) . Moreover, Q O Is have both preventative and curative properties (Bartlett et al. 2002) . However, the Fungicide Resistance Action Committee (FRAC) considers Q O Is a high-risk for resistance development due to their single-site mode of action (2011). Moreover, C. beticola represents a classic 'high-risk' pathogen in terms of resistance development due to its high genetic variability, abundant sporulation, polycyclic nature, and the high number of sprays required to control the disease (Bolton et al. 2012b; Secor et al. 2010) . Despite these risks, there have been no reports of European C. beticola field isolates with resistance to Q O Is to date (Karaoglanidis and Ioannidis 2010; Malandrakis et al. 2011) . Nonetheless, monitoring Q O I sensitivity in C. beticola field isolates is important for fungicide resistance management programs. Although sugar beet growers have depended on Q O Is for disease control for more than a decade, a comprehensive survey of Q O I sensitivity has not occurred in European sugar beet growing regions besides Greece (Malandrakis et al. 2011 ) to our knowledge. To initiate a survey of C. beticola Q O I sensitivity in Europe, we focused on sugarbeet fields in France and Italy, which together comprise nearly 29 % of the sugarbeet hectarage in the European Union (USDA Foreign Agricultural Service, 2011). Therefore, the objectives of this study were to (i) determine pyraclostrobin EC 50 values of C. beticola isolates collected from sugar beet growing regions of France and Italy, (ii) clone the fulllength C. beticola cytb (Cbcytb) coding sequence, (iii) sequence Cbcytb from Q O I-resistant and Q O I-sensitive isolates to assess whether any mutations correlate with Q O I resistance, and if a novel mutation in Cbcytb correlates with Q O I-resistance, (iv) and develop allele-specific primers that can be used for the detection of Q O I-resistant isolates.
Materials and methods

Sample collection and fungal isolation
Sugar beet leaves with CLS were collected from commercial fields within the French departments of Aisne, Aube, Nord (near Ochies or Templeuve), Somme, and the French region of Champagne in September 2010. Samples were also collected from commercial fields and research plots within the Italian provinces of Bologna, Ferrara, Rovigo, and Venezia in September 2010. Isolates taken from research plots were natural infestations. Individual leaf spots were excised, placed in individual wells of 96-well PCR plates (USA Scientific, Ocala, FL), and hand-carried to our laboratory for immediate processing. Conidia were harvested by adding 50 μl of T-water (0.06 % (v/v) Tween 20 (Sigma-Aldrich, St. Louis, MO), 0.02 % (w/v) filtersterilized ampicillin added after the solution had been autoclaved) to each PCR plate well. The lesion was gently scraped with a pipette tip to liberate conidia into the T-water. The conidia-laden T-water was collected and transferred to water agar plates (1.5 % (w/v) Difco agar (BD, Franklin Lakes, NJ), 0.02 % (w/v) filtersterilized ampicillin added after the solution had been autoclaved) for 24 h at 22°C (±1°C) to initiate conidia germination. One germinated conidium was transferred to a clarified V8-medium plate (10 % (v/v) clarified V8 juice (Campbell's Soup Co., Camden, NJ), 0.5 % (w/v) CaCO 3 , and 1.5 % (w/v) agar (BD)) and was incubated at 25°C for two weeks. This single spore-derived colony was the source inoculum plate for subsequent fungicide sensitivity assays and Cbcytb characterization experiments.
Fungicide sensitivity assays and statistical analysis EC 50 values were calculated using technical grade pyraclostrobin (BASF, Triangle Park, NC) using previously published procedures (Secor and Rivera 2012) . Briefly, agar plugs (5 mm each) were taken from the leading edge of colony growth of the original non-amended V8-agar plates described above and placed on V8-agar plates. Spores were harvested from 15-day-old culture plates and transferred to nonamended water agar medium (1.5 % (w/v) Difco agar (BD)) and water agar plates amended with serial tenfold dilutions of active ingredient from 0.001 to 1.0 μg ml −1 . In addition, 21 isolates shown to have EC 50 values>1.0 μg ml −1 (See "Results") were reanalyzed using serial ten-fold dilutions of pyraclostrobin from 0.01 to 100 μg ml −1 to calculate their EC 50 value in this range. All fungicide-amended plates contained salicylhydroxamic acid (SHAM; SigmaAldrich) at 100 μg ml −1 to prevent alternative respiration. After a 16 h incubation, the percentage of germinated spores was used to calculate the EC 50 value for pyraclostrobin as described by Secor and Rivera (2012) . Median and mean EC 50 values were calculated for each location using Microsoft Excel 2010. A value of 1.0 μg ml −1 was used for all isolates with EC 50 values > 1.0 μ g ml − 1 for median and mean calculations.
Cbcytb cloning and sequence analysis
Primers 503 and 504 (Table 1 ) designed on GenBank Accession # EF176921 (Malandrakis et al. 2006) were used to amplify a fragment of Cbcytb using C. beticola isolate 1-18 as template. PCR was conducted using GoTaq Flexi DNA Polymerase kit (Promega, Madison, WI) following the manufacturer's instructions with a final MgCl 2 concentration of 3.5 mM. PCR conditions were as follows: an initial 95°C denaturation step for 5 min followed by denaturation for 15 s at 95°C, annealing for 30 s at 50°C and extension for 60 s at 72°C for 30 cycles. PCR amplicons were sequenced directly (McLab, South San Francisco, CA). Consensus sequences were assembled using Vector NTI (Invitrogen, Carlsbad, CA) software. The DNA Walking SpeedUp Kit II (Seegene, Rockville, MD) and primers (Table 1) designed on the derived Cbcytb sequence were used for one round of DNA walking to identify upstream sequence following the manufacturer's instructions. Subsequently, an additional round of DNA walking was used to identify sequence further upstream and one round of DNA walking was used to identify downstream sequence with primers (Table 1 ) designed on the derived Cbcytb sequence using the GenomeWalker Universal kit (Clontech Laboratories, Inc., Mountain View, CA) following the manufacturer's instructions. Sixty-eight isolates that exhibited a wide-range of EC 50 values to pyraclostrobin were used to assess Cbcytb sequence variation. Liquid cultures were initiated by placing an agar plug taken from the leading edge of the clarified V8-medium plates (described above) into a 250 ml flask containing 50 ml potato dextrose broth (BD). Isolates were allowed to grow for approximately 4 days after which mycelia were harvested using a Büchner funnel. DNA was isolated using the CTAB method (Stewart and Via 1993) . For each isolate, Cbcytb gene and flanking sequences were generated with three PCR reactions using primer combinations 660/661, 714/715, and 658/659 ( Table 1) that produced overlapping sequence fragments. PCR was conducted using the GoTaq Flexi DNA Polymerase kit (Promega) following the manufacturer's instructions with a final MgCl 2 concentration of 3.5 mM. PCR conditions were as follows: an initial 94°C denaturation step for 3 min followed by denaturation for 30 s at 94°C, annealing for 30 s at 58°C and extension for 60 s at 72°C for 36 cycles, followed by a final extension at 72°C for 5 min. PCR amplicons were sequenced directly (McLab). Consensus sequences were generated and analyzed for polymorphisms using Vector NTI (Invitrogen) software. Consensus sequences were compared with previously reported sequences using BLAST (Altschul et al. 1990 ). Open reading frames were predicted using genetic code 4 in the ORF Finder tool (http:// www.ncbi.nlm.nih.gov/projects/gorf/).
Analysis of exon/intron structure of Cbcytb
To investigate whether Cbcytb contains introns that may potentially be involved in Q O I resistance as have been shown in other fungi (Grasso et al. 2006; Hily et al. 2011; Luo et al. 2010 ), six C. beticola isolates (1-18, 11-24, 12-14, 12-82, 12-84, and 14-16; Table 3 ) were grown in liquid cultures as described above. Total RNA was isolated from 4-day-old mycelia using the RNeasy Plant Mini kit (Qiagen, Germantown, MD) following the manufacturer's instructions that included an on-column DNAse treatment (Qiagen). Total RNA (0.5 μg) and primers 718 and 719 (Table 2 ) designed on the predicted Cbcytb coding region were used for RT-PCR using the SuperScript III One-Step RT-PCR The genetic background of selected C. beticola isolates were assessed using the microsatellite primer set SSRCb3 (Groenewald et al. 2007 ) as described (Bolton et al. 2012b) . Briefly, PCR amplifications were carried out using the GoTaq Flexi DNA Polymerase kit (Promega) in a total volume of 20 μl containing 1X Clear GoTaq Flexi Buffer, 1.5 mM MgCl 2 , 0.2 mM of each deoxynucleotide triphosphate, 0.2 μM of each primer, 1.0 U of GoTaq DNA polymerase, and~25 ng of genomic DNA. The PCR protocol was an initial denaturation at 94°C for 5 min, followed by 40 cycles of 94°C for 20 s, 55°C for 20 s, and 72°C for 30 s. A final 7 min elongation step at 72°C was included. Separation of labelled DNA fragments was performed by McLab using a Genetic Analyzer 3730xl (Applied Biosystems, Foster City, CA). Fragment size was determined using Peak Scanner Software (Version 1.0; Applied Biosystems).
Isolates with the same microsatellite fragment size were considered clones.
Development of PCR primers to discriminate Q O I-resistant and Q O I-sensitive isolates Molecular detection of Q O I resistance was determined using a mismatch amplification mutation assay (MAMA; (Cha et al. 1992; Siah et al. 2010) . Primers (Table 1) were designed with a mismatch on the penultimate nucleotide of the 3′ end of the forward primer, in which the ultimate nucleotide was at the point mutation position of codon 143 of Cbcytb. The primer set used to amplify a 613 bp amplicon in Q O I-sensitive strains was forward primer 692, which harboured a mismatch of T instead of G at nucleotide 427, and the reverse primer 694. The primer set used to amplify a 381 bp amplicon in resistant strains was the forward primer 695, which contained a mismatch of T instead of G at nucleotide position 427, and the reverse primer 
696
. Therefore, the sensitive primer set 692/694 resulted in a single nucleotide mismatch on sensitive strains and a double nucleotide mismatch on the resistant strains and vice versa for the resistant primer set 695/696. Molecular discrimination between Q O I-sensitive and -resistant isolates was tested using a gradient of MgCl 2 concentrations (1.0 to 4.0 mM) and PCR annealing temperatures (45.0 to 65.0°C) using DNA from Cbcytb sequencing experiments described above or isolated from mycelia scraped from the surface of V8-medium plates described above. In the latter case, DNA was isolated using the DNeasy DNA extraction kit (Qiagen) following the manufacturer's instructions. The optimized PCR reaction conditions for discrimination between Q O I-sensitive and -resistant isolates were carried out using the GoTaq Flexi DNA Polymerase kit (Promega) in a total volume of 25 μl containing 5X Green GoTaq Flexi Buffer, 2.5 mM MgCl 2 , 0.2 mM of each deoxynucleotide triphosphate, 0.4 μM of each primer, 1.25 U of GoTaq DNA polymerase, and 10 ng of genomic DNA. The PCR protocol was an initial denaturation at 94°C for 3 min, followed by 36 cycles of 94°C (30 s), 64°C (30 s), and 72°C (30 s). A final elongation step at 72°C (5 min) was included. PCR products were visualized on 1.5 % ethidium bromide-stained agarose gels. To assess the sensitivity of each primer set, template DNA isolated from the Q O I-sensitive isolate 9-4 and the Q O I-resistant isolate 6-65 was diluted in a 2X-dilution series from 50.0 ng to 1.5 pg. (Secor and Rivera, 2012) b SSR allele sizes using primer set SSRCb3 (Groenewald et al. 2007) c GenBank accession # for Cbcytb sequence and deduced amino acid sequence
Results
Survey of European Cercospora beticola isolate sensitivity to pyraclostrobin
Eight hundred sixty six isolates harvested from sugar beet fields in France and Italy were assed for in vitro sensitivity to the Q O I fungicide pyraclostrobin ( (Table 2 ). All Italian populations from commercial fields contained 14 % or more isolates with EC 50 values>1.0 μg ml −1 (Table 2) . Isolates (n0498) were also harvested from naturally-infested research plots near Bologna, Italy (Table 2) . 32 % of this population consisted of isolates with EC 50 values > 1.0 μg ml −1 (Table 2) . Several isolates were chosen for further study, which included calculation of their EC 50 value up to 100 μg ml −1 (Table 3) .
Cbcytb cloning and sequence analysis
Using a previously published partial fragment of Cbcytb as a starting point (Malandrakis et al. 2006 ), we used a primer walking strategy to clone 1035 bp on the 5′ end of the fragment, which included 841 bp upstream of the predicted start codon. In addition, 655 bp were identified on the 3′ end of the fragment. RT-PCR confirmed that no introns were identified in any of the isolates tested. Therefore, the full-length Cbcytb coding sequence was 1,161 bp in length. Top BLASTP hits of the deduced 386-amino acid C. beticola cytochrome b protein sequence were to cytochrome b from Mycosphaerella graminicola (Evalue 00.0; 94 % identity, 98 % similarity), Phialocephala subalpina (E-value00.0; 91 % identity, 97 % similarity), Peltigera membranacea (E-value0 0.0; 90 % identity, 96 % similarity), P. malacea (Evalue 00.0; 90 % identity, 96 % similarity), and Venturia inaequalis (E-value 00.0; 89 % identity, 96 % similarity).
Because resistance to fungicides can be related to over-expression of the gene encoding the fungicidetargeted enzyme (Bolton et al. 2012a ), we sequenced Cbcytb flanking sequence in addition to the entire Cbcytb coding sequence to determine whether mutations in promoter regions related to fungicide resistance. In total, the Cbcytb gene and flanking sequence data was obtained from 59 isolates with EC 50 values ranging from 0.001 to 60.223 μg ml −1 . With regard to the Cbcytb coding region, two nucleotide haplotypes were identified which encoded either a glycine or an alanine at codon 143. Without exception, isolates with EC 50 values greater than 1.0 μg ml −1 harboured a point mutation at nucleotide position 428 that encoded a G143A mutation (Table 3) . Therefore, isolates harbouring the G143A mutation were categorized as Q O I-resistant. Likewise, all isolates with EC 50 values less thañ 0.2 μg ml −1 exhibited the wild-type Cbcytb sequence and were categorized as Q O I-sensitive (Table 3) . Isolates with EC 50 values between 0.3 and 0.8 μg ml −1 were obtained that contained either the wild-type sequence or G143A mutation (Table 3) . Analysis of sequence trace files did not indicate evidence of heteroplasmy in these isolates. No isolates collected in France harboured the G143A mutation. Besides this mutation, an insertion/ deletion (indel) was found 25 nucleotides downstream of the translational stop codon. The occurrence of this indel did not appear to relate to Q O I resistance, as it was found in Q O I-sensitive and -resistant isolates. Representatives of the four Cbcytb sequences identified in this study have been deposited in GenBank under accession numbers JQ360625 through JQ360628.
Genetic diversity of selected Q O I-resistant isolates
A SSR primer set was utilized that differentiated 17 alleles from selected Q O I-sensitive and -resistant isolates (Table 3) . Although sample sizes were too small to adequately assess genetic diversity at each sampling site location, 13 and 9 SSR haplotypes were identified France and Italy, respectively. In total, there were eight SSR haplotypes represented in all selected Q O I-resistant isolates (Table 3 ).
Molecular discrimination of Q O I-sensitive and -resistant isolates
Primers were designed to differentiate Q O I-sensitive and -resistant isolates based on the point mutation at nucleotide position 428 encoding the G143A mutation. PCR conditions were validated using a gradient of MgCl 2 concentrations and PCR annealing temperatures. For every isolate tested, two PCR reactions allowed discrimination between Q O I-sensitive andresistant isolates where a 613 bp product using the 692/694 primer set combined with no amplification product from the 695/696 primer set was indicative of a sensitive strain (Fig. 1a) . Likewise, a 381 bp amplicon using the 695/696 primer set and no amplification with 692/694 indicated of a Q O I-resistant strain (Fig. 1a) . No isolate produced amplicons from both primer sets. The 692/694 primer set produced a visible 613 bp amplicon using 50.0 ng to approximately 24.0 pg of DNA as template in PCR reactions (Fig. 1b) . The 695/696 primer set produced a visible 381 bp amplicon using 50.0 ng to approximately 12.0 pg of DNA as template in PCR reactions (Fig. 1b) .
Discussion
Q O Is represent one of the most important fungicide classes in agriculture. However, reports of control failures due to Q O I resistance development have been described for an increasing number of pathosystems in recent years (Lesniak et al. 2011; Pasche et al. 2005; Sierotzki et al. 2007; Sierotzki et al. 2000) . In this study, EC 50 values to the Q O I fungicide pyraclostrobin were identified in 866 C. beticola isolates collected from the sugar beet growing regions of France and in 2001 . Therefore, these resistant C. beticola populations were detected 9 years after the first Q O I fungicide was registered for use on sugar beet in Italy. Malandrakis et al. (2011) recently characterized pyraclostrobin resistance levels of isolates harvested from sugar beet fields in northern Greece, but no resistant phenotypes were identified in that region despite use of Q O I fungicides to control CLS since 2003. Point mutations in the cytochrome b gene that encode an amino acid substitution are the predominant mechanism for reduced sensitivity to Q O I fungicides in plant pathogenic fungi. To investigate whether this type of mechanism explains the reduced sensitivity to Q O I fungicides, we cloned the full-length C. beticola cytochrome b (Cbcytb) gene and carried out sequence analysis from isolates with varying sensitivity to pyraclostrobin. All isolates tested that exhibited an EC 50 value greater than 1.0 μg ml −1 harboured the G143A mutation. This is the first report of Q O I resistance associated with the G143A mutation in isolates of C. beticola. Isolates with the G143A mutation had EC 50 values ranging from~0.3 to over 60 μg ml −1 (Table 3 ).
This range in Q O I resistance phenotypes perhaps suggests that other mechanisms are involved in Q O I tolerance in C. beticola. For example, the G143A mutation in conjunction with over expression of a major facilitator drug transporter was shown to be involved with Q O I resistance in the wheat pathogen Mycosphaerella graminicola (Roohparvar et al. 2008) . Alternative respiration pathways have also been shown to be involved with Q O I resistance (Amand et al. 2003) . Therefore, despite the clear association between high EC 50 values and the G143A mutation found in this study, other factors may be involved with Q O I resistance in C. beticola. All isolates with EC 50 values greater than 1.0 μg ml −1 harboured a G143A mutation in Cbcytb.
However, several isolates with EC 50 values between 0.3 and 0.8 μg ml −1 were obtained that contained either the wild-type sequence or G143A mutation ( greater are likely a cause for concern as they may harbour the G143A mutation. Detection of Q O I-resistance via the G143A mutation has been reported in several pathosystems (Fontaine et al. 2009; Fraaije et al. 2002; Sierotzki et al. 2000) . The MAMA primer set developed here was very sensitive, allowing for the differentiation of Q O I-sensitivity in isolates using as little as 25 pg of template DNA. Moreover, this cost-effective technique can be scaled up for high-throughput detection of Q O I-resistance, an important feature for laboratories that screen many isolates upon disease onset during the growing season. Although we did not detect both the wild type and mutated G143A allele in any one isolate tested, a mixed population of mitochondria with and without the G143A mutation may exist in heteroplasmic strains. Heteroplasmic isolates containing Q O I-sensitive and Q O I-resistant mitochondria have been described (Fraaije et al. 2002; Zheng et al. 2000 ). Since we collected samples after the final Q O I fungicide applications in the 2010 growing season, strong selection pressure for the G143A allele may have already occurred. Similarly, application of azoxystrobin caused a pronounced selection for the Q O I-resistant allele in Blumeria graminis f. sp. tritici (Fraaije et al. 2002) .
The detection of Q O I resistance and the G143A mutation in several sugar beet growing regions in Italy raises questions concerning the origin of resistance in C. beticola. One possible explanation is that resistance arose in an isolate and repeated fungicide applications selected for the resistant genotype, which subsequently spread to other regions in Italy. Alternatively, resistance could occur independently in several genetic backgrounds across several locations. The results of our study suggest the latter scenario most likely explains the development of Q O I-resistance in C. beticola. First, resistant isolates were found in a variety of sugar beet growing regions in Italy. Cercospora beticola is not known for large-scale movement of inocula across wide geographical areas as been shown for other plant pathogens such as Puccinia triticina (Bolton et al. 2008) , so it would appear unlikely that Q O I-resistant inoculum found throughout the geographical areas sampled in this study originated from a single location. Secondly, several SSR haplotypes were identified in Q O I-resistant isolates. SSR markers are useful in assessing genetic diversity and the finding that several SSR haplotypes can be distinguished among the subset of Q O I-resistant isolates tested in this study suggests that resistance developed independently at several geographical regions in C. beticola. Similarly, Torriani et al. (2009) found the G143A mutation in 24 different M. graminicola mtDNA haplotypes across several geographic locations in Europe. Kim et al. (2003) noted that Q O I resistance in Pyricularia grisea occurred in five genetic backgrounds.
Studies of the genetic structure of C. beticola populations have shown high degrees of genetic variation (Bolton et al. 2012b; Groenewald et al. 2008; Moretti et al. 2006 ). Genetic diversity is typically more prevalent in populations that undergo sexual reproduction than those reproducing asexually (Milgroom 1996) . Indeed, pathogen populations that undergo regular sexual recombination pose a greater risk of defeating resistance genes than strictly asexual pathogens (McDonald and Linde 2002) , which is also likely to be involved in the development of fungicide resistance. Nonetheless, despite a level of genetic diversity found in C. beticola populations suggestive of sexual recombination, no teleomorph has been described for C. beticola. The identification of the teleomorph would help answer the question as to whether fungicide resistance development is facilitated by sexual reproduction in this pathosystem.
Fungicides continue to be an important tool for leaf spot disease management. Intensive use of Q O I fungicides over several years likely led to the development and expansion of Q O I-resistant populations in C. beticola. Economic constraints as well as potential and perceived environmental concerns from pesticide over-application favour judicious use of fungicides. In some locations, growers may apply reduced fungicide rates in attempts to decrease inputs and increase profits. However, reduced fungicide concentrations may give a sub-lethal dose to a portion of a field population, which may effectively increase the frequency of mutation in a location and accelerate the evolution of fungicide resistance (Gressel 2011) . On the other hand, other studies show increased selection for fungicide resistance with increased fungicide dose (van den Bosch et al. 2011) . Future studies directed towards the comparison of these fungicide application practices will need to be conducted to understand the role of fungicide rate in the evolution of fungicide resistance in C. beticola.
In conclusion, we identified European isolates with high EC 50 values to pyraclostrobin, a Q O I fungicide that is used extensively for CLS management. All isolates tested with high EC 50 values exhibited the G143A substitution, a mutation well known to be involved with fungicide resistance in several pathosystems. Since Q O I resistance appears to have occurred independently in multiple genetic backgrounds at several locations, careful fungicide management decisions will need to be made to ensure that this mutation does not become more widespread in other European sugar beet growing areas. Monitoring Q O I resistance in a field may be especially important during the growing season when short fungicide application intervals are combined with high CLS disease pressure, which demands a quick turn-around time to help guide the choice of fungicides to apply. Effective control of CLS requires an integrated approach involving crop rotation, planting CLS-tolerant varieties, and timely application of fungicides from several fungicide classes to minimize fungicide resistance development.
